Abstract-
G ALLIUM nitride (GaN) power devices are drawing greater attention in high-power switching applications owing to their superior power density, efficiency, and switching speed [1] . To achieve high efficiency and a small size in a power-conversion system, a low turn-on voltage (V T ), low on-resistance (R on ) and low reverse recovery of the diode are very important [2] . Various technologies to improve the performance of an SBD have recently been studied. Researches to reduce on-resistance and to reduce surface leakage current, such as SiO 2 , SiN x , Al 2 O 3 dielectric film, have been investigated [3] . In addition, studies on recess etching in the anode region and recess depth control have been actively conducted owing to the capability of recessed SBDs to reduce the V T without an increase in the leakage current [4] [5] [6] . However, for large device fabrication, the dry etch conditions including a uniform etch profile, a reproducible etch rate, and a small amount of plasma damage are very difficult and challenging to control. In addition, the damage occurring during the etching process may seriously degrade the device performance. Meanwhile, an anode composed of two metals with different work functions was reported to achieve a better trade-off between the forward and reverse characteristics. Although dual metal can be used as an anode to reduce V T , the reverse leakage current is increased at the same time. Thus, it is very difficult to control an SBD whose anode is made solely of dual metal [7] , [8] . Therefore, dual anode metal along with recess etch in anode region have been demonstrated to effectively control both the forward and reverse characteristics [9] . In this letter, we propose a dry etch condition that results in a uniform etch profile, an accurate etch rate, and very little plasma damage. Moreover, using this dry etch condition, we demonstrate the use of large 63-mm SBDs with a recessed dual anode metal structure, which have an ultralow turn-on voltage, and superior forward and reverse characteristics. Also, this letter includes the measured electrical characteristics of recessed dual anode metal SBDs with different recess depth and the packaged SBD to analyze the electrical characteristics in the high power regime.
II. DEVICE FABRICATION
The epitaxial layers of a AlGaN/GaN SBD were grown on a 4-in Si (111) wafer, where the wafer median sheet resistance was 527 / . The wafer consists of a 3-to-4-μm GaN buffer layer, a 20-nm Al 0.25 G 0.75 N barrier, and a 1.25-nm undoped GaN layer. A mesa isolation with an etching depth of 300 nm was applied through inductively coupled plasma reactive ion etching (ICP RIE) using a BCl 3 /Cl 2 gas mixture. To form an ohmic contact in cathode and anode, a Ti/Al/Ni/Au ohmic metal was deposited using e-beam evaporation on the cathode and anode concurrently, followed by rapid thermal annealing at 900°C for 50 s in N 2 ambient. The transfer contact and specific contact resistivity were 1.08 · mm and 2.4 × 10 −5 · cm 2 , respectively. To observe different electrical characteristics of the proposed SBDs with varying recess depths, a recess process using the same ICP RIE and etch conditions was carried out. The etching profile is usually not uniform in larger devices because the same structure cannot be scaled up to larger dimensions. Problems such as epitaxial defects, non-uniformity, and uneven etching conditions have plagued larger devices. Moreover, an uneven etch surface morphology can result in an increase in the surface leakage current. Therefore, to obtain dry etch with a uniform etch profile, accurate etch rate, little plasma damage, and with an even surface morphology for larger devices, we optimized the conditions by changing the ICP power, RF power, gas feed 0741-3106 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. rate, and the chamber pressure. The dry etch conditions used for ICP RIE are summarized in Table I .
Under the lowest etch rate condition of (e) in Table I , the minimum RMS roughness of the etched surface was measured as 0.29 nm. The recess depths d measured through AFM were 16, 20, 24 nm, as shown in Fig. 1 . Next, a Ni/Au Schottky metal for the anode was deposited, and a SiO 2 passivation layer of 700 nm was then deposited using PECVD. The distance between the anode and cathode, L AC , is 15 μm. The width of ohmic metal and Schottky metal are both 15 μm. After removing the SiO 2 passivation layer in the anode and cathode regions using wet etching with a buffered oxide etchant, a 3-μm-thick Ti/Au metal was finally plated as the contact metal. Fig. 1 shows the structure of the proposed SBD and the flow of electrons.
In structures with recessed anode, the 2-D electron gas (2DEG) density under the anode electrode depends strongly on the recess depth. And the threshold voltage increases is expected by increasing the recess depth due to the reduction of 2DEG density. The leakage current is effectively controlled by the selectively reduced 2DEG density under the Schottky metal of the anode region. To effectively control the leakage current and obtain the positive threshold voltage, more than half of the AlGaN layer of the anode region should be etched [10] . In other words, the leakage current is significantly increased when the recess depth is less than 12 nm. To achieve a better trade-off between the forward and reverse characteristics, we selected recess depth to be more than 16 nm. When a small forward bias is applied to the anode, electrons flow from the cathode to the ohmic metal in the anode. In addition, when a forward bias that can turn on the Schottky contact under the recessed anode region is applied to the anode, electrons run through the Schottky metal. Additional electrons through the ohmic-to-ohmic path result in a high forward current and a very low V T . In addition, when a reverse bias is applied to the anode, the 2DEG channel is effectively depleted by the Schottky metal under the recessed Fig. 2. (a) -(e) AFM images from the different ICP RIE process condition shown in Table I (the roughness of (a) 1.7 nm, (b) 1 nm, (c) 0.68 nm, (d) 0.38 nm, (e) 0.29 nm) and (f) a whole structure image of the recessed dual anode metal. anode region. Consequently, forward characteristics are greatly improved without an increase in the leakage current [9] . Fig. 2 shows AFM images of the RMS roughness of the etched surface when changing the ICP RIE process conditions. As shown in Fig. 2(e) , the optimized dry etch conditions with a uniform etch profile and very little plasma damage can decrease the surface leakage current. In addition, an etch rate of ∼0.3 Å/s allows the recess depth to be accurately controlled. Fig. 3 shows the current-voltage (I-V) characteristics of the proposed large recessed dual anode metal SBDs with various recess depths. The I-V characteristics were measured using an HP4155 and a Tektronix 370A for low and high currents, respectively. The measured electrical characteristics are summarized in Table II .
III. RESULTS AND DISCUSSION
An SBD with a 16-nm recess depth exhibits the lowest V T of 0.34 V and the highest forward current of 1.63 A at 1.5 V as shown in Fig. 3(a) . The electrical characteristics of the 20-nm and 24-nm (fully) recessed SBDs are very similar. This phenomenon can be explained by the fact that, for a device whose recessed depths under the anode region are more than 20 nm, electrons tend to go through the Schottky metal, instead of through the ohmic metal in the anode. This is the reason why electrons that flow to ohmic metal in anode are suppressed by Schottky metal under recessed anode region. Fig. 3(b) shows the reverse I-V curve and breakdown voltage (BV) of the proposed 16-nm recessed SBD. In comparison with the 20-and 24-nm recessed SBDs, its leakage current is almost the same. In other words, although the forward performance of the 16-nm recessed SBD is superior to that of the other recessed SBDs, the degradation of the reverse characteristics is negligible. We can see that 16-nm recessed dual anode metal SBD has the lower V T than other recessed SBDs by the ohmic-to-ohmic junction effect as shown from 0 V to 0.2 V in Fig. 3(a) and from −2 V to 0 V in Fig. 3(b) . In addition, the BV did not change when changing the recess depth. Fig. 4(a) shows the measured forward I-V characteristics and a photograph of the packaged 16-nm recessed GaN-SBD, which exhibits a high forward current of 6.2 A at 2 V. A typical reverse recovery wave form of the proposed SBD is shown in Fig.4 (b) . The switching conditions are shown in the table in Fig. 4(b) . The measured recovery current (I rr ), time (T rr ), and charge (Q rr ) are 0.52 A, 44.4 ns, and 11.54 nC, respectively. Fig. 5(a) shows the benchmark of R ON,SP (Specific On-resistance) vs. BV of the state-of-art GaN diode on different substrate. Fig. 5(b) exhibits the histogram of the V T , which is significantly influenced by recess depth, to show the uniformity about the recess process in this letter.
IV. CONCLUSION
We studied dry etch conditions for a uniform etch profile, accurate etch rate, and very little plasma damage in the anode region. Using optimized conditions, we fabricated a recessed dual anode metal GaN-SBD with a channel width of 63 mm. The large fabricated SBD with a 16-nm recessed etch depth exhibited superior forward and reverse electrical characteristics, and was shown to be suitable for high efficiency and small form factor power conversion systems.
